Zinc pyrithione (ZnPT) is a coordination complex of zinc and has been used widely as an anti-dandruff agent in shampoos. Many shampoos contain both ZnPT and EDTA, a chelating agent speculated to increase ZnPT absorption, thereby raising concerns about neurotoxicity. Here, we investigated the effect of EDTA on ZnPT absorption by direct comparison of ZnPT and pyrithione (PT) concentrations in shampoo formulations, and by pharmacokinetic analysis of ZnPT, PT, and 2-methanesulfonylpyridine (MSP), the main ZnPT metabolite, in rat plasma or urine following exposure to shampoo containing ZnPT alone or a combination of ZnPT and EDTA. Approximately 17.3% of ZnPT was converted to PT by the addition of EDTA in the shampoo formulation. Plasma ZnPT and PT concentrations were not measured up to 24 hr after treatment with shampoo containing 1% ZnPT or 1% ZnPT + 2% EDTA in all rats. However, PT amount in 24-hr urine sample, MSP concentration in plasma, and MSP amount in 24-hr urine sample were approximately 4-, 2.6-, and 2.7-fold higher, respectively, in the 1% ZnPT + 2% EDTA shampoo group than in the 1% ZnPT shampoo group. As confirmed by the formulation analysis and in vivo pharmacokinetic analysis, the exposure of ZnPT could be increased by the absorption of PT due to partial dissociation of ZnPT into PT.
INTRODUCTION
Zinc pyrithione (ZnPT) is a coordination complex of zinc ( Fig. 1) , and its use has been widely allowed in the European Union as an anti-dandruff agent in hair dressing formulations and shampoos, as a preservative at a concentration of 0.5% in cosmetic rinse-off hair-care products, and at a concentration of 1% in rinse-off antidandruff haircare products (1) . It has also been intensively used worldwide as an antifouling agent in painting formulations.
The safety of ZnPT or pyrithione (PT) derivatives, such as sodium pyrithione (NaPT) and copper pyrithione (CuPT), has been studied in several animal species through different routes of administration. Dogs showed ocular damage involving the tapetum lucidum after treatment with oral ZnPT at 6-12 mg/kg/day for 6 days (2,3). Rats and rabbits showed hindlimb weakness or paralysis after subchronic and chronic administration of ZnPT (3, 4) . ZnPT can transform into CuPT by transchelation with copper ion in both laboratory and natural conditions (5, 6) . The environmental toxicity of ZnPT or CuPT and their degradation products on microalgae, macrophytes, crustaceans, fish, sea urchin, and other organisms have been studied (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) . More than 200 shampoos contain both ZnPT and EDTA, a chelating agent. EDTA is useful to improve stability in shampoo formulations. ZnPT has been reported to show low penetration, whereas NaPT, with high water solubility, was shown to be absorbed through the skin in much greater amount than ZnPT (18) . Thus, NaPT was prohibited as an ingredient in shampoo formulations. However, the current situation has been left without any criteria with respect to the formulation of ZnPT and EDTA at home and abroad. These compositions are speculated to increase ZnPT absorption by EDTA, and the resulting toxicity is concerning ( Fig. 2) . ZnPT is absorbed in small quantities through the skin and is rapidly metabolized into its metabolites. Among the metabolites, 2-methanesulfonylpyridine (MSP) has been identified as a major serum metabolite of ZnPT (19) . Thus, in this study, we evaluated the effect of EDTA on systemic ZnPT exposure by measuring ZnPT, PT, and MSP contents in rat plasma and urine following treatment with shampoos containing ZnPT alone or a combination of ZnPT and EDTA.
MATERIALS AND METHODS

Chemicals.
ZnPT, PT, MSP, EDTA, imipramine HCl (an internal standard for MSP analysis), and d 3 -5-Nitro-5'-hydroxy-indirubin-3'-oxime (d3-AGM130; an internal standard for ZnPT and PT analyses) were purchased from Sigma-Aldrich Chemical Corporation (Milwaukee, WI, USA). Water was purified with a Milli-Q water purification system (Millipore, Bedford, MA, USA). All other chemicals and reagents were of analytical grade and used without further purification.
Preparation of shampoo formulations. Shampoo formulations were prepared by adding ZnPT alone or ZnPT and EDTA in a commercial shampoo product (Head & Shoulder, Cincinnati, OH, USA) to yield a final concentration of 5% ZnPT or 5% ZnPT + 10% EDTA, respectively. The shampoo formulations were mixed thoroughly, then diluted 5 times with distilled water. The final diluted shampoo formulations (1% ZnPT or 1% ZnPT + 2% EDTA) were used in experiments.
Animal experiments. Male Sprague-Dawley rats (approximately 8 weeks old, n = 12) (Central Lab. Animal Inc., Seoul, Korea) were used for experiments. The rats were kept under controlled conditions (ambient temperature of 23 ± 2 o C, humidity of 50 ± 10%, 12-hr light/ dark cycle). Food (Central Lab. Animal Inc.) and water were supplied ad libitum. The rats were acclimated to the laboratory conditions for 7 days. All experimental procedures were approved by Dankook University's Institutional Animal Care and Use Committee (DUIACUC), which adheres to the guidelines issued by the Institution of Laboratory of Animal Resources (ILAR). The rats were fasted for at least 12 hr prior to the start of experiment. Each group consisted of 6 males. The animals were approximately 10 weeks old at the study date. Individual body weights ranged from 270 to 350 g. The animals were then assigned to two groups. Group 1 was treated with shampoo containing 1% ZnPT, whereas group 2 was treated with shampoo containing 1% ZnPT + 2% EDTA. The rats were anesthetized with zoletil 50 (5 mg/kg) administered intramuscularly, and then cannulated using a polyethylene tube into the jugular vein. The distal end of the cannula was then tunneled subcutaneously to the back of the neck, where it was exteriorized. Blood coagulation in the cannula was prevented through introduction of 0.2 mL of heparinized normal saline (20 units/mL). After all cannulated rats completely recovered from anesthetization, they were partially anesthetized with zoletil 50 (3 mg/kg) administered intramuscularly, and exposed to shampoo solutions. Six cannulated rats of each group were immersed below the cannulated part in each shampoo solution by holding for 10 sec, dried by wiping, and then placed in metabolic cages. Blood samples were collected from the cannulated rats via the jugular vein before shampoo treatment and at 0.5, 1, 2, 3, 4, 6, 8, and 24 hr after shampoo treatment. Approximately 0.3 mL of blood samples were collected using heparin-coated disposable syringes. Immediately after collection, blood samples were centrifuged for 1-2 min at 10,000-13,000 rpm. The obtained Calibration curves exhibited excellent linearity over a range of 50-2,000 ng/mL for ZnPT and of 50 or 100-2,000 ng/mL for PT in rat plasma and urine (Supplementary Fig. 1, 2) . The intra-and inter-accuracy values (%) were in a range of 98.3 to 110.5% for ZnPT and of 95.5 to 112.9% for PT, whereas the intra-and inter-precision values (CV, %) were less than 15% for ZnPT and PT in rat urine (Supplementary Table 1 , 2).
Determination of MSP in rat plasma and urine samples. Internal standard solution (120 μL; imipramine 10 ng/mL in acetonitrile) was added to plasma and urine samples (30 μL), and the mixtures were vortex-mixed thoroughly for 30 sec. After centrifugation at 4 o C and 13,000 rpm for 10 min, the supernatants were diluted with 2 times volume of distilled water. Each aliquot (100 μL) was transferred to autosampler vials and analyzed by LC-MS/ MS. An Agilent 1260 (Agilent) HPLC system coupled to an API4000 (AB Sciex) quadrupole tandem mass spectrometer was used for sample analysis. The HPLC column was a Capcell PAK MG (2 mm × 75 mm, 3 μm particle size) connected with a guard column (SecurityGuard C18 4 mm × 2 mm; Phenomenex). The separation was carried out with a mobile phase consisting of acetonitrile/10 mM ammonium formate, pH 3.0 (50/50, v/v), with the following conditions: flow rate, 300 μL/min; injection volume, 5 μL; column oven temperature, 40 3 ) and of 20-1,000 ng/mL in rat urine. The intra-and interaccuracy values (%) in rat plasma were in a range of 97.2% to 99.9%, whereas the intra-and inter-precision values (CV, %) were less than 10% (Supplementary Table 3 ).
Data analysis. All chromatographic peaks were reviewed, and any integration corrections were made manually when necessary. Calibration curves were prepared using a linear regression with 1/x or 1/x 2 weighting. All standard and sample concentrations were determined using internal standard areas versus analyte areas. Individual plasma concentration-time data of MSP were analyzed using non-compartmental method of the WinNonlin 2.1 pharmacokinetic program. Nominal sample times were used. The area under the concentration-time curve (AUC) was calculated using the linear log-linear trapezoidal rule. The maximum plasma concentration (C max ) values and the time at which it was observed (T max ) were directly determined from the plasma concentration-time profiles. All data were expressed as mean ± SD. Supplementary Fig. 4 , Supplementary Table 4) were analyzed by LC-MS/MS, and the results are presented in Table 1 . In the shampoo containing 1% ZnPT alone, ZnPT and PT concentrations were 9.79 and 0.001 mg/mL, respectively, whereas in that containing 1% ZnPT + 2% EDTA, ZnPT and PT concentrations were 5.82 and 1.73 mg/mL, respectively. Recovery rates (%) of ZnPT in shampoo containing 1% ZnPT or 1% ZnPT + 2% EDTA were 97.9 % and 58.2 %, respectively. Moreover, approximately 17.3% of ZnPT was converted into PT in the shampoo containing 1% ZnPT + 2% EDTA (Table 1) .
RESULTS
Analysis of shampoo formulations. ZnPT and PT concentrations in the shampoo formulations prepared in laboratory (
ZnPT and PT in rat plasma and urine. Analytical methods of ZnPT and PT concentrations in rat plasma and urine were established and validated ( Supplementary Fig.  1, 2, Supplementary Table 1, 2) . Two rats, 1 from each group, died during the sampling procedure after catheterization. Therefore, samples from five rats of each group were analyzed. ZnPT and PT concentrations in rat plasma and 24-hr urine sample after treatment with shampoo containing 1% ZnPT or 1% ZnPT + 2% EDTA are shown in Table 2 . Plasma ZnPT and PT concentrations were not measured up to 24 hr after treatment with shampoo containing 1% ZnPT or 1% ZnPT + 2% EDTA in all rats. ZnPT amount was measurable in the 24-hr urine sample of most rats of the 1% ZnPT + 2% EDTA shampoo group. However, there was no significant difference in urine ZnPT amount between the two groups, and most of urine ZnPT must have originated from the washing water of metabolic cages, which were contaminated with ZnPT from wiped rat hair. PT amount in 24-hr urine was approximately 4-fold higher in the 1% ZnPT + 2% EDTA shampoo group than in the 1% ZnPT shampoo group.
Exposure of MSP in rat plasma and urine. Analytical methods of MSP concentration in rat plasma and urine were established and validated ( Supplementary Fig. 3 , Supplementary Table 3 ). MSP concentration in rat plasma and MSP amount in rat 24-hr urine sample after treatment with shampoo containing 1% ZnPT or 1% ZnPT + 2% EDTA are presented in Table 3 and 5, respectively. Plasma MSP concentrations were not measurable up to 2 hr after treatment with shampoo containing 1% ZnPT, and up to 0.5 or 1 hr after treatment with shampoo containing 1% ZnPT + 2% EDTA. Thereafter, MSP concentration was gradually increased up to 24 hr in both groups. The pharmacokinetic parameters calculated from individual plasma MSP concentration in rats are presented in Table 4 . The mean C max and AUC last values were 2.1-and 2.6-fold higher, respectively, in the 1% ZnPT + 2% EDTA group than in the 1% ZnPT group. MSP amount was measurable in the 24-hr urine sample of all rats of the 1% ZnPT shampoo and 1% ZnPT + 2% EDTA shampoo groups. MSP amount in 24-hr urine sample was approximately 2.7-fold higher in the 1% ZnPT + 2% EDTA shampoo group than in the 1% ZnPT shampoo group. Table 2 . ZnPT and PT concentrations in rat plasma and urine after shampoo treatment Group Plasma (ng/mL) n = 5
Urine (µg, mean ± SD) n = 5
ZnPT PT ZnPT PT 1% ZnPT BLQ BLQ 1.0 ± 0.2 04.7 ± 1.7 1% ZnPT + 2% EDTA BLQ BLQ 1.0 ± 0.1 18.6 ± 11.5 BLQ: Below the lower limit of quantitation (50 ng/mL). Table 3 . Plasma MSP concentrations (ng/mL, mean ± SD) in rats after treatment with shampoo containing 1% ZnPT or 1% ZnPT + 2% EDTA 
DISCUSSION
Zinc pyrithione (ZnPT) has been widely used as an antidandruff agent in hair dressing formulations and shampoos, and as an antifouling agent in painting formulations. The toxicity of ZnPT after oral, dermal, and inhalation administration has been examined in repeated toxicity studies using several animal species. A NOAEL of 500 μg/kg per day obtained from a chronic oral study (SCCS 2014) of ZnPT based on paralysis and hindlimb weakness, has been derived. The percutaneous absorption of ZnPT through the skin is very low with approximately 0.03-3.4%, compared with that of NaPT. Compared with ZnPT, NaPT showed much higher water solubility and is absorbed through the skin in much greater amounts (18) . Therefore, NaPT was prohibited as an ingredient in shampoo formulations.
EDTA, a chelating agent, has been used as a component in shampoo formulations to improve stability. We investigated the effect of EDTA on ZnPT absorption in shampoo formulations. PT and MSP, among ZnPT metabolites (19, 20) , are used as indicators of systemic ZnPT exposure. In this study, a direct LC-MS/MS method was developed for quantitative determination of ZnPT, PT, and MSP concentrations in rat plasma and urine. Analytical results showed significant differences in ZnPT and PT concentrations between the two shampoo formulations tested in this study. Compared to those in the shampoo formulation without EDTA, ZnPT concentration decreased by approximately 59%, whereas PT concentration increased in the shampoo formulation with EDTA. These results indicated that ZnPT was partially dissociated to PT ion by chelating zinc ion of EDTA.
Plasma ZnPT concentrations were below the LLOQ in all samples from the 1% ZnPT and 1% ZnPT + 2% EDTA shampoo groups. Furthermore, there were no differences in PT concentration in plasma samples and ZnPT amount in 24-hr urine samples between the 1% ZnPT and 1% ZnPT + 2% EDTA shampoo groups. However, PT amount in 24-hr urine sample was approximately 4-fold higher in the 1% ZnPT + 2% EDTA shampoo group than in the 1% ZnPT shampoo group. After oral dosing, ZnPT is extensively absorbed by the gastrointestinal tract and rapidly eliminated via urine in rabbits, rats, monkeys, and dogs. The biotransformation of ZnPT is similar in all four of these species, and its major urinary metabolites are 2-pyridinethiol-1-oxide-S-glucoside, 2-pyridinethiol-S-glucuronide, and 2-pyridinethiol-1-oxide-S-glucuronide (20) . Serum metabolites of ZnPT have been reported in rabbits, rats, monkeys, and dogs after oral dosing. Apparently, three minor metabolites, 2-(methylthio)pyridine-1-oxide, 2-(methylthio)pyridine, and 2-(methylsulfinyl) pyridine-1-oxide, are the intermediate compounds in the biotransformation of ZnPT to MSP (19) . MSP has been identified as a major serum metabolite of ZnPT. Because MSP is a very stable and abundant metabolite of ZnPT, and positioned at the final step of the metabolic pathway of ZnPT, it can be used as a good indicator of systemic ZnPT exposure. In both groups, plasma MSP concentration gradually increased with time and reached a maximum concentration at 24 hr, the last time of blood collection. There were significant differences in MSP concentration between the two groups. MSP concentration, in terms of mean AUC last , was approximately 2.6-fold higher in the 1% ZnPT + 2% EDTA shampoo group than in the 1% ZnPT shampoo group. Gibson et al. (19) reported that MSP in the circulation increased with time after ZnPT dosing in rabbits, rats, and monkeys, and it was the only prominent circulating metabolite at the later time points. Similar to the results in plasma, MSP amount in 24-hr urine sample was also approximately 2.7-fold higher in the 1% ZnPT + 2% EDTA shampoo group than in the 1% ZnPT shampoo group. As confirmed by the formulation analysis, this could be caused by increased absorption of PT due to partial dissociation of ZnPT into PT by EDTA. Systemic exposure to ZnPT could be increased by EDTA in cosmetic rinse-off hair-care products or antidandruff hair-care products, and chronic use of these products may result in an unexpected neurotoxicity. The current situation has been left without any criteria with respect to ZnPT and EDTA formulations at home and abroad. The effect of EDTA on systemic exposure to ZnPT should be confirmed through further studies, such as stability test of ZnPT in shampoos containing EDTA or patch test. However, rinse-off hair care products containing 1% ZnPT and EDTA are acceptable for safe use, according to risk assessment of ZnPT products including EDTA performed by the Ministry of Food and Drug Safety of Korea (MFDS).
plSSN: 1976-8257 eISSN: 2234-2753 Supplementary Fig. 1 . Representative chromatograms for selected extracted samples (left for PT; right for IS) at double blank (A), blank sample (B), LLOQ (50 ng/mL, C), HLOQ (2,000 ng/mL, D), and real sample (E) in rat plasma. 
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